Abstract. The molecular mechanisms that drive the development and aggressive progression of malignant astrocytic tumors remain obscure. Recently, in the search for endogenous negative regulators of EGF receptor, LRIG1 was cloned and characterized as a putative tumor suppressor gene often downregulated in various human tumors, including astrocytic tumors. Although several studies have implicated the function of LRIG1 in the inhibition of tumorigenesis, its precise role and potential underlying mechanisms remain obscure. Therefore, we generated a full-length expression vector to overexpress LRIG1 in the U251 malignant glioma cell line. Introduction of exogenous LRIG1 into glioma cells inhibited cell proliferation manifested by MTT and soft agar clone assay in vitro and subcutaneously tumor xenografts. On the other hand, LRIG1 overexpression inhibited glioma growth by significantly changing the expression pattern of cyclins, resulting in delayed cell cycle. Employing transwell invasion and wound scratch assay and gelatin zymography, LRIG1 inhibited U-251 MG cell invasion and migration by attenuating MMP2 and MMP9 production. Under ligand-stimulated conditions, p-ERK levels did not change, whereas p-AKT levels were inhibited in cells with LRIG1 upregulation, indicating that LRIG1 exerts more inhibiting effects on the PI3K/AKT pathway. Our findings suggest that LRIG1 restricted glioma aggressiveness by inhibiting cell proliferation, migration and invasion. Restoration of LRIG1 to glioma cells could offer a novel therapeutic strategy.
Introduction
Malignant astrocytic tumors are the most common devastating primary neoplasms of the central nervous system with hallmark characteristic of aggressive biological behavior, such as rapid proliferation potential and diffused invasive capability (1) . The strong capacity of these tumors to invade and migrate into surrounding normal brain tissue in early stage usually prevents complete removal of the tumor during operation even with radical resection approach and these tumors inevitably recur with no effective treatment (2) . Same as in other solid tumors, genetic alterations that result in activation of oncogenes and/or inactivation of tumor suppressor genes are the underlying causes of glioma (3) . Sequential gain of oncogenes, such as epidermal growth factor receptor (EGFR) and/or loss of tumor suppressor genes, such as p53, phosphatase and tensin homolog (PTEN), provides the necessary foundation for step-wise progression of malignant glioma from initiation to transformation and aggressive progression (4, 5) .
Among various identified oncogenes associated with aggressiveness of glioma, EGFR is best characterized. EGFR is amplified in a range of 30-50% of high-grade malignant astrocytoma cases (6) . Enhanced EGFR signaling was proven to contribute to glioma initiation, progression, treatment-resistance and poor survival (7) . In a search for negative regulator of EGFR signaling, we had previously cloned and characterized the human leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1) gene (8) . LRIG1 belongs to the LRIG gene family, which also includes LRIG2 and LRIG3 (9) . LRIG1 is located at chromosome 3p14.3 (10) , a region frequently deleted in various human cancers (11) . Previous studies demonstrated that LRIG1 was downregulated in conventional renal cell carcinoma, squamous cell carcinoma of the skin and lung (12) , breast cancer (13), nasopharyngeal carcinoma (14) and in various human cancer cell lines (10, (15) (16) (17) . LRIG1 negatively regulates EGFR, both by inducing receptor degradation (18, 19) and by inhibiting signaling (20, 21) . Thus, ectopic expression of LRIG1 suppresses glioma cell proliferation (21, 22) and invasion (23) . However, the exact mechanisms behind these suppressive effects have not been thoroughly analyzed.
In this study, we investigated the effect of LRIG1 overexpression on the malignant glioma cell line U-251 MG and RNA isolation and qRT-PCR. Total RNAs from cultured cells were isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. qRT-PCR was used to evaluate the expression levels of mRNAs as described before (25) . Oligonucleotide primer sequences used were as follows: MMP2 sense ATGGATCCTGGCTTTCCC-3' and antisense 5'-GCTTCCAAACTTCACGCTC-3'; MMP9 sense 5'-TGAC AGCGACAAGAAGTG-3' and antisense 5'-CAGTGAAGCGG TACATAGG-3'; LRIG1, 18S primers used were the same as described in a previously published report (16) .
Western blot analysis and immunohistochemical staining.
Cells were lysed and analyzed by Western blotting as described (26) . The following antibodies were used: LRIG1 (Santa Cruz, USA); anti-EGFR, anti-phospho-EGFR (Upstate, USA); antiphospho-ERK, anti-ERK, anti-AKT, anti-phospho-AKT (Cell Signaling, USA); anti-cyclin A, anti-cyclin E, GAPDH (Boster, China); anti-cyclin D1 (Neomarker, USA).
MTT assay and soft agar colony formation assay. The proliferation rate of various cells were measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) cell viability/proliferation assay as described (26) . Soft agar colony formation assay was performed as described (27) .
Cell cycle synchronization and dynamic cell cycle analysis. Cells grown to 80% confluency in 10-cm dishes were synchronized in culture medium containing 250 ng/ml nocodazole for 24 h. Then, detached cells were shaken-off and collected and washed twice with phosphate buffered saline and then, replated subconfluently in complete growth medium. Cells were collected at indicated time-points after nocodazole washout. Dynamic cell cycle were analyzed by flow cytometry using propidium iodide (PI) staining and was performed as previously described (28) . Cell lysates were collected at indicated time-points and immunoblotting was performed using anti-cyclin antibodies.
In vitro invasion assay and cell migration assay. In vitro invasion capabilities were measured in transwell chamber assay as previous described (26) . Cell migration activities were examined by two-dimensional wound healing assay or in vitro scratch assay as previous described (25) .
Gelatin zymography. Serum-free conditioned media were used in SDS-PAGE gelatin-substrate zymography to detect the activity of MMP2 and 9 as described (29) . Briefly, 3x10 5 transfected U-251 MG cells were plated in 6-well plates, cultured in 1 ml serum-free DMEM and incubated for 24 h. Twenty microliters of serum-free culture medium per sample were prepared in non-denaturating loading buffer and were sizefractionated in 10% SDS-polyacrylamide gel impregnated with 0.1% gelatin. The gels were incubated in a developing buffer for 42 h at 37˚C. Direct comparisons between separate gels were not made, because the intensity of background staining was variable. Experiments were repeated three times.
In vivo tumor model. Pooled populations of transfected U-251 MG cells were used for subcutaneous tumor growth experiments. Briefly, 1x10
6 glioma cells were injected into both flanks of female BALB/c athymic nude mouse at 4-6 week of age. Tumor volumes were calculated using the following formula: tumor volume = 1/2 x (shortest diameter) 2 x longest diameter (mm 3 ). These experiments were performed in accordance with the guidelines of the Animal Experimental Committee, China Institutes for Biological Sciences.
Statistical analysis.
Results are expressed as means ± standard deviation (SD). Statistical analyses were performed using SPSS statistical software (SPSS Inc., Chicago, IL). Student's t-test was used. Significance was defined as * p<0.05 and ** p<0.01.
Results

Transformation of U-251 MG cells with LRIG1 expression
vector. U-251 MG cells were transfected with pLRIG1-GFP, encoding an LRIG1-GFP fusion protein, or as a vector control, with pEGFP-N1, encoding GFP (green fluorescent protein). Quantitative reverse transcriptase PCR (qRT-PCR) showed that LRIG1 mRNA levels were increased 33-fold in the pLRIG1-GFP transformed cells compared to the control cells (Fig. 1A) . Western blotting confirmed expression of the LRIG1-GFP fusion protein in the pLRIG1-GFP transformed cells but not in the control cells (Fig. 1B) . As previously described (24, 30) , the LRIG1-GFP fusion protein was mainly located in the plasma membrane (Fig. 1C) .
LRIG1 represses cell proliferation by delaying cell cycle progression. Next, we test dynamic cell cycle change in synchronized clonal cell line after exogenous LRIG1 introduction. Most of the control cells left G0/G1 phase and entered S phase at 16-h time-point and entered S phase at 20-h time-point (Fig. 2B , low panel), while most of the LRIG1 overexpression cells started to leave G0/G1 phase and entered S phase at 20 h and then, entered S phase at 24 h (Fig. 2B, upper panel) . This experiment demonstrated that exogenous introduction of LRIG1 into U-251 MG cells caused cell cycle arrest at G0/G1 phase and delayed cell cycle to enter S phase ( Fig. 2A and B) .
As ectopic expression of LRIG1 in U-251 MG cells delayed cell cycle, we tested whether LRIG1 expression alters the expression of cyclins. As shown in Fig. 2C , the expression of cyclin D1 lasts apparently longer in U-251 MG-LRIG1 cells than control cells, indicating LRIG1 overexpression lengthened the time of the cell cycle. The peak expression level of cyclin E was at 4-h for control group, while it was at 12-16-h in LRIG1 overexpressing cells, indicating the cell cycle was arrested at G0/G1 phase and delayed to enter S phase. The time course expression pattern of cyclin A was not significantly altered, indicating the entry to M phase was not affected by LRIG1 overexpression. These results were consistent with the dynamic cell cycle analysis shown in Fig. 2A . We next evaluated the effect of LRIG1 on the growth of glioma cells. The results of cell proliferation assay showed that ectopic expression of LRIG1 led to significant inhibition of cell proliferation compared to control cells (Fig. 2D) . These results indicate a growth-inhibitory role of LRIG1 on glioma cell line U-251 MG.
LRIG1 inhibits colony formation in vitro and tumorigenicity in vivo.
To examine the potential role of LRIG1 in tumorigenesis, the capacity of colony formation was evaluated on LRIG1 overexpressing and control cells. Notably, LRIG1 overexpression cells displayed obviously fewer and smaller colonies compared with control cells (Fig. 3A) . This result indicated a growth-inhibitory role of LRIG1 on glioma cells.
To further determine the antitumor effects of LRIG1, LRIG1 overexpression and control cells were injected into five nude mice as described. Although tumor volume between LRIG1 overexpression and control groups was not statistically significant (p= 0.28, data not shown), there was a trend for loss of LRIG1 with a higher risk with increasing tumor size. The average tumor volume was 106.4 mm 3 in control group vs 6.89 mm 3 in LRIG1 overexpression group at the end of eighth week after implantation. The tumor incidence was 80% (8 tumors/10 injection sites) in control group vs 30% (3 tumors/10 injection sites) in LRIG1 overexpression group (Fig. 3B and C) . The results indicate that overexpression of LRIG1 inhibited tumorigenicity of U-251 MG cells in the nude mouse xenograft model.
LRIG1 inhibits U-251 MG cell migration and invasion and decreases secretion and activity of MMP2 and MMP9.
In the following part of this study, we investigated whether overexpression of LRIG1 could affect cell invasion and migration. We found that invasion cells in the LRIG1 overexpressing cells were decreased to 12% of that of the control cells (Fig. 4A) .
Cell migration capability was further tested by wound scratch assay. The relative migrated distances of LRIG1 overexpressing cells were 45% of the distances migrated by the control cells at 48 h (Fig. 4B) .
Gelatin zymography assay was performed to investigate the effect of the LRIG1 on the activity of MMP2 and MMP9. After exogenous introduction of LRIG1 into U-251 MG cells, MMP9 activity was significantly decreased, while MMP2 activity was modestly decreased (Fig. 4C) . To further confirm the effect of LRIG1 on MMPs, quantitative real-time PCR results showed that after exogenous introduction of LRIG1 in to U-251 MG cell, the MMP2 mRNA levels were decreased to 44.8% and MMP9 mRNA levels were decreased to 39.5%, compared to control group (Fig. 4D) . These results suggest that LRIG1 plays an important role in suppressing MMP2 and 9 production and is involved in invasion and migration in U-251 MG cells.
LRIG1 exerts more effect on PI3K/AKT pathway than MAPK/ ERK1/2 pathway.
In the next experiments, we confirmed that LRIG1 negatively regulated the levels of EGFR and phosphorylated EGFR in our experimental system (Fig. 5) (19) . We then analyzed the expressions and phosphorylation of two key intracellular signal molecules, AKT and ERK1/2. The basal expression levels of AKT and ERK were not altered. Further, we showed the levels of phosphorylated AKT decreased in LRIG1 overexpressing cells, while the phosphorylated ERK level was not altered, indicating the LRIG1 exerts more influence on intracellular PI3K/AKT pathway than MAPK/ERK1/2 pathway (Fig. 5 ).
Discussion
In this study, we provided that LRIG1 functioned as a negative growth regulator for glioma cells and showed that overexpression of LRIG1 inhibited glioma to form clonies in vitro and to develop tumors in vivo. Ectopic expression of LRIG1 suppressed the invasion and migration of cultured glioma cells by regulating secreation of MMP2 and MMP9. These observations provide further understanding of the molecular mechanisms of inhibitory effects of LRIG1 on glioma cell aggressiveness. Malignant astrocytic tumors are the most aggressive and highly lethal type of brain tumor with a strong ability of rapid proliferation and diffuse invasion into surrounding normal brain tissue. While the molecular events involved in the initiation of glioblastoma are not fully understood, it is believed that, deregulated tumor cell proliferation appears to be a critical early event in glioma development. To assess the potential role of LRIG1 in glioma cell growth, we overexpressed LRIG1 in glioma cell line U-251 MG. Our study revealed that LRIG1 overexpression resulted in decreased tumor cell growth confirmed by MTT and soft agar colony assay. We further showed that LRIG1 overexpression inhibits glioma cell proliferation in vivo. Cellular proliferation is tightly regulated by progression through the cell cycle of DNA synthesis and mitosis by the formation and activity of cyclin-cyclin-dependent-kinase (CDK) complexes (31) . We demonstrated that enhanced expression of LRIG1 in glioma cells significantly changed cell cycle control protein cyclin D1, E expression pattern, resulting in cell cycle delay at G0/G1. The strong exogenous LRIG1 regulation over cell cycle control further implies that fundamental alterations of cyclins and tumor suppressors result in deregulated cell cycle and unrestrained cell proliferation (32) .
In addition to its function as a potent negative growth regulator, the present and our previous study showed that LRIG1 overexpression led to a significant decrease of glioblastoma cell migration and invasion (23) , while the molecular mechanisms of its inhibitory effects on glioma cell metastasis still remain obscure. Matrix metalloproteinases (MMPs) are a family of extracellular zinc-dependent endopeptidases that selectively cleave the protein components of the extracellular matrix (33) . Numerous studies have demonstrated that malignant glioma cells secrete MMPs to facilitate their migration and invasion (34) . We found that overexpression of LRIG1 inhibited glioma cell invasion and migration by suppressing MMP2 and 9 production. Because EGFR activation can promote MMP2 (35) and MMP9 expression (36,37) and LRIG1 negatively regulated the level of EGFR, we deduced that LRIG1 regulated glioma cell metastasis by attenuating EGFR signaling pathway, at least in part.
Accumulating evidence has identified the EGFR and its downstream signal networks as commonly deregulated components in the oncogenesis of glioma, especially primary GBM (1, 38) . Once activated and subsequent dimerization, EGFR activates a variety of intracellular phosphorylationmediated signal transduction events (38) . The important events in glioma biology include the RAS/mitogen activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/ AKT pathways that regulate cell proliferation, survival and invasion (1, 38) . Upregulation of LRIG1 influenced expression levels of p-AKT rather than p-ERK in response to ligand stimulation. Constitutive activation of PI3K/AKT signaling pathway plays a pivotal role in the pathogenesis and malignant progression of several human cancers, including glioblastoma (39) . Herein, we found that overexpression of LRIG1 negatively regulated glioma cell proliferation, migration and invasion, possibly by inhibiting EGFR activation and its downstream signaling PI3K/AKT pathway.
Collectively, we identified that LRIG1 overexpression resulted in decreased cell growth in vitro and in vivo and delay in cell cycle by changing the expression pattern of cyclins. LRIG1 also attenuated invasion of glioma cells by decreasing production of MMP2 and 9. Analysis of the signaling pathways revealed that LRIG1 regulated EGFR signaling pathway transduction involved in the regulation of tumour cell prolife- ration and migration and invasion. It was demonstrated that LRIG1 exerts its tumor suppressor function and implicates its potential targets for future brain tumor treatments.
